Neutron-rich 96,97 Sr and 98,99 Zr nuclei were populated as fission fragments produced by the 238 U͑␣ ,f͒ fusion-fission reaction. The yrast states of these nuclei have been extended up to Ϸ20ប, which is about 6ប on average beyond the previously known spin, by studying the prompt ␥ rays in coincidence with the detection of both fission fragments. for both positive-and negative-parity states. However, their underlying single-particle configurations cannot be determined uniquely by the measured intensity ratios of ⌬I=1 to ⌬I = 2 transitions because of possible configuration mixing. The sharp variations in the yrast structure of these nuclei are discussed in terms of the gradualness of the onset of quadrupole deformation.
I. INTRODUCTION
One notable feature among many diverse phenomena of nuclear structure for neutron-rich A ϳ 100 nuclei, where the valence nucleons begin to fill the g 9/2 proton and h 11/2 neutron orbitals, is the sudden onset of quadrupole deformation occurring in Sr and Zr isotopes with neutron number N = 60. This can be understood within the framework of shape coexistence [1] , where two shapes with very different deformation coexist in these nuclei and swap their relative locations between the ground and the excited states at 98 Sr and 100 Zr [2] . The absolute magnitude of their deformation and mixing has been the subject of many studies both experimentally and theoretically [3] [4] [5] [6] [7] [8] [9] [10] .
Strongly deformed excited states with quadrupole deformation of 0.35Ͻ ␤ 2 Ͻ 0.40 coexisting with the nearly spherical ground states have been reported for Sr and Zr isotopes with neutron numbers N = 58 and 59 [11] [12] [13] [14] [15] . This provides convincing evidence for the interpretation of the sudden onset of quadrupole deformation in terms of shape coexistence for nuclei in this mass region. However, the results were challenged by the recent measurement [16] , which indicates that the well-defined strongly deformed excited configurations do not exist in these nuclei and the onset of quadrupole deformation is a gradual rather than a sudden process. This recent measurement was made by studying the ␥-ray spectroscopy of 96, 97 Sr and 98, 99 Zr, produced by spontaneous fission of 248 Cm, using the EUROGAM2 array [17] . Medium spin levels of presumed deformed structures in these nuclei were identified using triple-␥ coincidence data while their deformations were derived from the lifetimes of excited states, measured using the Doppler profile method (DPM) [18] . Deformations of ␤ 2 = 0.25͑2͒ and 0.22 (2) were found for the quasirotational structures with spins above 4 + in 96 Sr and 98 Zr, respectively. Both positive-and negative-parity rotational bands with excitation energy above Ϸ600 keV were identified in 97 Sr and 99 Zr, however the deformation was determined only for the negative-parity bands with ␤ 2 = 0.32͑2͒ and 0.28(1), respectively.
The DPM is applicable for cases where the lifetimes of excited states in fission fragments are comparable to the stopping time of these fragments in the thick target-backing material, which typically is about 1-3 ps [16] . The disadvantage is that the resulting Doppler broadening of deexcited ␥-ray transitions, when observed in a 4 detector array, limits the study to excited states having lifetimes longer than or comparable to the stopping time. In other words, it is an obstacle to observe higher-spin members of any given collective band because their lifetimes could be shorter than the stopping time, due to the increasing transition energy and rate. This shortcoming can be eliminated by using a thin target-backing material [19] [20] [21] Zr in our recent fusion-fission experiment with a thin target [22, [24] [25] [26] , where the yrast states were extended up to Ϸ20ប. With such an opportunity to observe the higher-spin members of yrast structure for these nuclei, the systematics of the evolution of collective modes of motion can be studied in terms of not only spin but also the proton and neutron number in this rapidly shape-changing region. In this paper, the yrast structure and, in particular, the imprint of the gradualness of the onset of quadrupole deformation on the yrast structure are discussed.
II. EXPERIMENT
The present fusion-fission experiment was performed at the 88-in. cyclotron facility of the Lawrence Berkeley National Laboratory. A 300 g /cm 2 238 U target on an Ϸ30 g /cm 2 carbon backing was bombarded with an ␣ beam at E lab = 30 MeV. Fission fragments were detected by the Rochester 4, highly segmented heavy-ion detector ar- ray, CHICO [21] , in coincidence with the detection of deexcitation ␥ rays using Gammasphere. This particle detector has a geometric coverage for scattering angles from 12°to 85°and 95°to 168°relative to the beam axis and an azimuthal angle totaling 280°out of 360°. A valid event required the detection of both fission fragments and at least three coincident ␥ rays. Scattering angles of fission fragments and the time-of-flight difference between two fragments were recorded in addition to the ␥-ray energies and coincident time. A total of Ϸ6 ϫ 10 8 p-p-␥-␥-␥ events were collected.
Masses and velocity vectors of both fragments were deduced from the measured fission kinematics assuming the total kinetic energy is the same as that for 240 Pu spontaneous fission [27] . This assumption, that the prompt fission originates from the Pu-like compound nucleus, was supported by the observed ␥-ray cross correlation between the partner fragment pairs. The deduced mass distribution of the fission fragments has a mass resolution about 12 mass units, which reflects the time resolution, Ϸ500 ps, plus the position resolution of Ϸ1°in polar angle and 4.6°in azimuthal angle. The achieved resolutions are consistent with prior CHICO performance [19, [28] [29] [30] [31] [32] [33] .
Mass-gated events with three or higher coincident ␥ rays were used to develop the level schemes of 96, 97 Sr and 98, 99 Zr.
The added selectivity, provided by this mass gate, reduces the "background" ␥ rays of nuclei that are not of current interest, which enhances the ability to study nuclei produced with low yield or having weak transition strengths. Dopplershift corrected ␥-ray spectra, gated by the mass and the known ␥-ray transitions in 96 Sr and 99 Zr, are shown in Fig. 1 . The resulting energy resolution is better than 1%, limited primarily by the finite size of the Ge detector. Since the origin of ␥ rays from either fission fragment was established, after the proper Doppler-shift corrections were made, no sharp ␥-ray transitions from the partner fragments are visible in these spectra. The resultant spectra are clean and straightforward to interpret.
III. RESULTS AND DISCUSSION

A.
96 Sr and
98
Zr
The spectroscopy of 96 
Sr and 98
Zr, the N = 58 isotones, has been studied extensively in the past and the most recent results [16, 23] Fig. 4 , where the feeding and the decay transitions, correlated by a double gate placed on the same 770 keV ␥ ray, are shown. This is in disagreement with the results of Ref. [16] .
The quadrupole deformation parameter, ␤ 2 , increases from a value between 0.22 and 0. 25 Sr and a questionable ␥-ray decay sequence was used in 98 Zr. The influence of these discrepancies on the derived quadrupole deformation is unknown. The deformation difference between N = 58 and N = 60 isotones leaves the imprint illustrated in the lower part of Fig. 5 , where the kinematic moment of inertia as a function of rotational frequency is plotted. In contrast to the welldefined rotational bands observed in 98 Sr and 100 Zr, the collective modes of motion in 96 Sr and
98
Zr have characteristics that range between vibration and rotation; that is, the moments of inertia have a vibrationlike character for the yrast states with spin up to 14 + and then saturate at a value close to the rigid-rotor limit for states with spin above 14 + . This transition happens at a rotational frequency close to the band crossing frequency Ϸ500 keV observed in 100 Zr [22] . This evolution from vibrational to rotational structure as a function of spin also is manifest in the upper part of Fig. 5 , where the ratio of E ␥ ͑I → I −2͒ / I versus spin I is plotted, that is, the so-called E-GOS (E-Gamma Over Spin) curve [35] . For a vibrator, the value of this ratio gradually diminishes to zero as the spin increases, while for an axially symmetric rotor it approaches a constant, 4͑ប 2 /2J͒. Another interesting observation is for the decay of excited states below the yrast 6 + state. The relative B͑E2͒ values for these transitions are given in Figs. 6 and 7 for 96 Sr and 98 Zr, respectively. They are derived from the decay ␥-ray branching ratios, which are determined, in turn, from the gated spectrum with the gates set on the appropriate feeding transitions and are listed in Table I + state are consistent with this mixing scenario. Note that the relative ␥-ray branching ratio, given in Ref. [16] , for the transition of the second 4 + state to the third 2 + state is nearly a factor of 2 higher than the present measurement.
Significant mixing between the first and second 2 + states at 1222.7 and 1590.7 keV, respectively, in 98 Zr is suggested based on their similar feeding and decay patterns. They are both fed by the first 4 + state at 1843.4 keV with a B͑E2͒ strength Ϸ45% of the total to the first 2 + state and with the remaining strength to the second 2 + state. This is consistent with their similar transition B͑E2͒ ratios to the ground state and the second 0 + state at 852.7 keV. Note that the relative ␥-ray branching ratio, given in Ref. [16] , for the transition of the first 4 + state to the second 2 + state is nearly a factor of 4 higher than the present measurement [37] .
Shape coexistence, particularly the excited deformed structure, in 96 Sr and
Zr has been discussed extensively in Ref. [16] . Contrary to the earlier finding [11, 13] of the existence of strongly deformed excited 0 + states, moderately deformed excited configurations were identified for the medium-spin yrast states by the work of Ref. [16] . It is still possible, however, that a strongly deformed excited 0 + state coexists with a weakly deformed 0 + (ground) state in these nuclei. The considerable softness of shape degrees of freedom, pointed out by the calculation of Ref. [38] , may lead to a significant mixing between the excited 2 + states of these two shapes. Note that the mixing for the weakly deformed shape happens to be a two-phonon state in from this mixing was identified to be the yrast structure for excited states with spin above 4 + for both nuclei. Obviously, this scenario requires further study both experimentally and theoretically.
B. 97 Sr and 99 Zr
The spectroscopy of 97 Sr and 99 Zr, the N = 59 isotones, also has been studied extensively in the past and the most recent results were reported in Ref. [16] . Partial level schemes of these nuclei deduced from the present work are shown in Figs For the negative-parity band, the quadrupole deformation, ␤ 2 , was determined to be 0.32 and 0.28 for 97 Sr and 99 Zr, respectively [16] . The moments of inertia for these bands, with the excitation energy above Ϸ600 keV, plotted as a function of rotational frequency are given in Fig. 10 . A unique feature shown in this figure is that the moment of inertia is nearly constant for rotational frequency beyond Ϸ200 keV. The nonobservation of band crossing, which occurs at the rotational frequency Ϸ500 keV for the Zr isotopes [22] , implies the underlying single-particle configuration is related to h 11/2 neutron orbitals. However, the K quantum number cannot be determined uniquely from the comparison of B͑M1͒ / B͑E2͒ ratios between the data and the calculated values for various single-particle configurations, which are listed in Table II . The calculated values were obtained using the g K derived from Ref. [39] and g R = 0.2 N [40] . The experimental values were obtained from the measured ␥-ray branching ratios between the ⌬I=1 and ⌬I=2 transitions, which are listed in Table I . One possible explanation for the observed B͑M1͒ / B͑E2͒ ratios is configuration mixing among the h 11/2 orbitals due to the Coriolis coupling. Note that since the K quantum number cannot be determined uniquely, pure M1 was assumed for the ⌬I = 1 transitions in deriving the experimental B͑M1͒ / B͑E2͒ ratios and K =3/2 was assumed for calculating the moments of inertia, shown in Fig. 10 .
For the positive-parity band, the moments of inertia for states with excitation energies above Ϸ600 keV, plotted as a function of rotational frequency, are shown in Fig. 11 for both nuclei. In contrast to the similar moments of inertia for the negative-parity bands, the moments of inertia for the positive-parity bands in Zr have a different dependence on rotational frequency. This is a consequence of the difference in the underlying single-particle configuration. It is likely that the positive-parity band in 99 Zr has significant components of both the 3 / 2 + ͓411͔ and 3 / 2 + ͓422͔ neutron orbitals as derived from the observed B͑M1͒ / B͑E2͒ ratios, which are listed in Table II . These neutron orbitals cross each other as the quadrupole deformation increases and will have considerable mixing near ␤ 2 Ϸ 0.20 according to the calculation given by, for example, Ref. [41] . The difference in appearance of the moments of inertia for the positive-parity bands between these isotones may be a manifestation of a difference in the quadrupole deformation, which results in a different underlying single-particle composition of these neutron orbitals. A strongly deformed band built on the K =9/2 + isomer with an excitation energy at 1038.8 keV in 99 Zr has been reported recently [42] . This isomer corresponds to the 9/2 + ͓404͔ neutron excitation with T 1/2 =54͑10͒ ns. A similar band has been reported for 97 Sr [43] . The 9 / 2 + isomer has an excitation energy at 829.8 keV with T 1/2 = 265͑27͒ ns. These isomer bands remain rather unmixed and have a quadrupole deformation, ␤ 2 , near 0.4 [42, 43] . Both bands were observed in this work and their level schemes are given in Fig. 12 . Their moments of inertia plotted as a function of rotational frequency are shown in Fig. 13 . The excited states have been extended from spin 17/ 2 + to spin 23/ 2 + at 2947.6 keV for 97 Sr and from spin 17/ 2 + to spin 27/ 2 + at 4091.0 keV for 99 Zr. The moment of inertia has a very similar appearance for these two isomer bands and increases slightly as the rotational frequency increases.
IV. SUMMARY
The spectroscopy of neutron-rich 96, 97 Sr and 98, 99 Zr has been studied by means of the prompt ␥ rays emitted from fission fragments, produced by the 238 U͑␣ , f͒ fusion-fission reaction. With the increasing selectivity and sensitivity of the ␥-ray spectroscopy for these nuclei studied using the ␥-fission-fragment coincident technique, their level schemes were extended up to Ϸ20ប, which, on average, is Ϸ6ប above the previously known spin and nearly double the known excitation energy. This extension allowed the observation of a sharp variation in the yrast structure of these nuclei despite the fact that their quadrupole deformation changes gradually. For example, the evolution of collective motion from vibrationlike to rotationlike with an increase in spin was observed for a moderately deformed shape in 96 Sr and 98
Zr. With an additional pair of neutrons, an increase in deformation occurs and well-defined rotational bands were observed in both 98 Sr and Zr could be the result of deformation-dependent configuration mixing between the 3 / 2 + ͓411͔ and 3 / 2 + ͓422͔ neutron orbitals. The strongly deformed and relatively unmixed 9 / 2 + ͓404͔ band in the N = 59 isotones has a rather weak dependence of the moment of inertia on the rotational frequency.
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